Interlayer rotation and stacking were recently demonstrated as effective strategies for tuning physical properties of various two-dimensional materials. The latter strategy was mostly realized in hetero-structures with continuously varied stacking orders, which obscure the revelation of the intrinsic role of a certain stacking order in its physical properties. Here, we introduce inversion-domain-boundaries into molecular-beamepitaxy grown MoSe2 homo-bilayers, which induce uncommon fractional lattice translations to their surrounding domains, accounting for the observed diversity of large-area and uniform stacking sequences. Low-symmetry stacking orders were observed using scanning transmission electron microscopy and detailed geometries were identified by density functional theory. A linear relation was also revealed between interlayer distance and stacking energy. These stacking sequences yield various energy alignments between the valence states at the and K points of the Brillouin zone, showing stacking dependent bandgaps and valence band tail states in the measured scanning tunneling spectroscopy. These results may benefit the design of two-dimensional multilayers with manipulable stacking orders.
Van der Waals (vdW) epitaxy of two-dimensional (2D) layers has been demonstrated a marvelous route to build 2D nanostructures functionalized as transistors [1] [2] [3] [4] [5] [6] , photo detectors [7] [8] [9] [10] [11] , light absorbers 6, 12 , memories 13, 14 , switchers 15 and other electronic and optoelectronic devices 16, 17 . Interlayer interaction plays a dominant role in determining physical properties of these nanostructures. An exceptional interlayer coupling mechanism, namely covalent-like quasi-bonding, leads to strongly layer-dependent evolution of electronic and vibrational properties, e.g. electronic bandgap, in black phosphorus 6, 18, 19 and PtX2 (X=S or Se) [20] [21] [22] . Interlayer stacking order was predicted another degree of freedom to modify electronic structures of layered materials and recently demonstrated in twisted homo- 18, [23] [24] [25] and vdW hetero-bilayers [26] [27] [28] . Twisted homo-bilayers aside, hetero-bilayers involve electronic states from both different layers with a collective feature from diverse and continuously varied Moiré stacking orders, as a result of non-negligible lattice mismatch. It is, thus, of considerable importance to build a bilayer platform without interlayer lattice mismatch and rotation, e.g. a nontwisted homo-bilayer, to depict a more simplified but substantial physical picture on the correlation of stacking order and physical properties, e.g. electronic structures.
Molecular beam epitaxy (MBE) has recently been adopted to synthesize atomically thin transition metal dichalcogenides (TMDs) 21, [29] [30] [31] [32] [33] . With certain procedures, networklike inversion domain boundaries (IDBs) were introduced into MoSe2 monolayers, behaving as metallic mid-gap states with signature for undergoing charge density wave transition at low temperature 29, 34 . In these monolayers, triangular domains are separated by IDBs forming domain-by-domain antiphases and fractional lattice translations. If two of these monolayers are stacked, randomly appeared IDBs in each layer should give rise to diverse stacking orders in a homo-bilayer; this provides a much improved platform for correlating stacking geometry with its electronic, optical or mechanical properties.
Here, we successfully grew a MoSe2 homo-bilayer with randomly distributed IDBs through MBE, in which diverse unexpected low-symmetry stacking orders were discovered using aberration corrected transmission electron microscopy (AC-TEM) 35 .
The details of these stacking orders were identified by comparing the experimental images with the simulated images based on the geometries revealed by density functional theory (DFT). In addition, DFT suggests stacking-dependent electronic structures, consistent with the domain-dependent spectra acquired using scanning tunneling spectroscopy (STS). Given the comparison of these results, we managed to build correlations between the observed geometries and measured electronic structures, and thus identified at least six low symmetric stacking orders that were not previously reported. A linear-scaling relation was established between interlayer distance and stacking stability, while exponential laws were found for the distance-dependent CQ-VK or CQ-V gaps between valence (V) and conduction (C) bands. Here, Q, K and stand for three specific points in the Brillion zone, respectively. The competition of these two gaps leads to the band tail state observed in STS, as assessed to a stacking order with rather small interlayer distance. It is, to the best of our knowledge, the first time for the realization of large area, geometrically uniform and low symmetry stacking orders in vdW bilayers. Our work unveils the effects of ordered stacking on the electronic structures of TMD bilayers, which shed new light on tailoring the properties of 2D multilayers.
Results
Inversion domain boundaries in monolayer MoSe2. Figure 1a shows an atomically resolved annular dark field scanning transmission electron microscopy (ADF-STEM) 35 image of a MBE-grown MoSe2 monolayer. The fast Fourier transform (FFT, Figure 1a inset) of the image shows unusual lines connecting those diffraction spots. This lineshaped feature is, most likely, a result of line defects in the monolayer, namely, inversion domain boundary (IDB), as denoted with blue ribbons in Figure 1b . These boundaries, densely embedded among adjacent MoSe2 domains, are highly symmetric, atomically sharp, tri-atom wide, and coherent with the hexagonal lattice. Geometric phase analysis (GPA) of Figure 1a , as shown in Fig S1a- e, suggests that the breaking of lattice periodic symmetry is highly concentrated at the boundaries of these triangular domains. In Figure 1b , blue stripes highlight the domain boundaries among goldcolored continuous domains of monolayer MoSe2.
A zoomed-in ADF-STEM image of the IDB was shown in the upper panel of Figure   1c . Brighter spots indicate Se2 columns and darker ones for Mo atoms. An associated atomic model, illustrated with a 7×7 diamond-shape supercell (see Figure S2 ), was proposed for the boundary, as shown in Figure 1d . Both experiment and theory suggest that these triangular domains are terminated with Se2 zigzag edges, in others words, two adjacent domains share the same line of Se2 columns. The ADF image was simulated by QSTEM 36 (lower panel of Figure 1c ) based on the fully relaxed atomic structure from DFT. Figure 1e shows the comparison of the ADF intensity line profiles along the long sides of the red and green rectangular stripes (marked in Figure 1c ) of the experimental and simulated images. Both profiles slightly lack mirror symmetry at the boundary, which is a result of the unintentional residual aberration 37 (Supplementary Figure S3) An exception was found for AA-V1 (Figure 2i ) that its energy is roughly 25 meV higher than AB-V1 but they share nearly identical interlayer distances. These differences of interlayer distance were believed observable as various apparent heights in STM measurements being discussed in Supplementary Figure S8 . All these results also imply that different stacking orders may affect electronic structures as we elucidated later. were assessed experimentally observable, while six of them (shown in Figure 3c , 3i, 3k, 3p, 3q and 3r) were available in the area shown in Figure 3a and the other two were shown in Supplementary Figure S6 .
The most stable stacking order AB-0 (Figure 3c ) was found the most common triangle domain in our ADF images. The second most stable one, AA-V3 (Figure 3r ), is also frequently found, which is consistent with the order of thermal stability of these stacking orders. These two most stable stacking orders correspond to those bilayer configurations in the well-known 2H and 3R phases, respectively. As we discussed earlier, AA-V1 (Fig. 3p) is a fairly less stable, low symmetrical and fractional translation induced stacking structure. It was, however, also found in our experimental images (Figure 3a) , owing to the confinement of the IDBs. In addition to AA-V1, other four configurations, shown in Fig. 3d, 3i, 3k Figure S9 . It also remains difficult even with the inputs of STS spectra since a few stacking configurations share the same feature of STS spectra. However, we do be able to classify them into the three categories found in the LDOS calculations.
The olive spectra showing a band tail feature in Fig. 4b was assigned to category BT, in which AA-V3 is a representative configuration, consistent with the fact that the theoretically stable stacking AA-V3 was frequently obtained in experimental ADF images. Spectra DP1 and DP2 showing double-peak features were thus assigned into category DP and spectra LC1 and LC2 correspond to category LC.
The appearance of LDOSs depends on stacking orders. We, therefore, plot the band structures of AB-V4 and AA-V3, two novel stacking configurations, in Figure 4c and 4d, respectively. It shows that the double-peak feature of the valence band of AB-V4 is originated from the VBM at K and the 130-meV-lower valence state at . In AA-V3, the VBM was, however, found at . This flatter band is nearly degenerated with the 59-meV-lower valence state at K. This band alignment results in the band tail state.
It would be interesting to unveil the correlation between the VBM location and stacking order. Figure 4e shows the K-Q (blue) and -Q (red) gaps as a function of the interlayer distance for all considered stacking orders. Both gaps increase in a nearly exponential manner with respect to interlayer distance d while the -Q gap goes faster than the K-Q gap. The VB is primarily comprised of Mo dz2 and Se-pz orbitals at the point while it is mainly confined in the Mo plane at the K point (Figure 4f ). The energy level of VB at , therefore, changes more speedily than that at K when the interlayer distance varies.
The competition of VB states at and K results in the VBM locating at the point for stacking orders with smaller interlayer distances, e.g. AB-0 and AA-V3. In stacking orders with the smallest interlayer distance, i.e. AA-V3, the most strongly overlapped
Se pz orbitals from both layers give rise to higher energy levels owing to Coulomb repulsion; this is thus observed as the band tail state, a fingerprint for smaller-interlayerdistance stacking orders, in STS measurements.
Discussion
One of the key advances of this work lies in the prediction and assessment of the homogeneous bilayer domains with diverse certain stacking orders, which is essentially Reflection high-energy electron diffraction (RHEED) was employed for in situ surface analysis. STM measurements were carried out at 77 K using the constant current mode in a separated low-temperature Unisoku STM system. Before being taken out from the vacuum system, the sample surface was capped by an amorphous Se layer deposited at the room temperature, which was desorbed by annealing prior to the STM experiments. 
DFT calculations.
Density functional theory calculations were performed using the generalized gradient approximation 39 for the exchange-correlation potential, the projector augmented wave method 40, 41 and a plane-wave basis set as implemented in the Vienna ab-initio simulation package (VASP) 42 . Van der Waals interactions were considered at the vdW-DF level 43, 44 with the optB86b 45 exchange functional, which achieves accurate results in calculating structural properties of two dimensional materials 19, 20, 22, 46, 47 The authors declare no competing financial interests.
